Duck enteritis virus (DEV) is an acute, septic, sexually transmitted disease that occurs in ducks, geese and other poultry. Autophagy is an evolutionarily ancient pathway that is important in many viral infections. Despite extensive study, the interplay between DEV and autophagy of host cells is not clearly understood. In this study, we found that DEV infection triggers autophagy in duck embryo fibroblast (DEF) cells, as demonstrated by the appearance of autophagosome-like double-or single-membrane vesicles in the cytoplasm of host cells and the number of GFP-LC3 dots. In addition, increased conversion of the autophagy marker protein LC3-I and LC3-II and decreased p62/SQSTM1 indicated complete autophagy flux. Heat-inactivated DEV infection did not induce autophagy, suggesting that the trigger of autophagy in DEF cells depended on DEV replication. When autophagy was pharmacologically inhibited by LY294002 or wortmannin, DEV replication decreased. The DEV offspring yield decreased when small interference RNA was used to interfere with autophagy related to the genes Beclin-1 and ATG5. In contrast, after treating DEF cells with rapamycin, an inducer of autophagy, DEV replication increased. These results indicated that DEV infection induced autophagy in DEF cells and autophagy facilitated DEV replication.
INTRODUCTION
Herpesviruses are enveloped, dsDNA viruses belonging to the family Herpesviridae. Herpesviruses are currently divided into three genera on the basis of phylogenetic clustering: alphaherpesvirus, betaherpesvirus and gammaherpesvirus. The alphaherpesvirus proliferate quickly and cause cell pathological changes, for instance herpes simplex virus (HSV) and varicella zoster virus (VZV). The betaherpesvirus growth cycle is long, and these viruses infect cells to form giant cells, such as cytomegalovirus. Target cells of gammaherpesvirus infections are lymphoid cells, which can lead to lymphoid hyperplasia, such as Epstein-Barr virus [1] . Duck enteritis virus (DEV) belongs to the family Herpesviridae, subfamily Alphaherpesvirinae, genus Mardivirus and is duck herpesvirus type I. This virus causes considerable economic losses to the commercial duck industry and poses a continuous threat to wild and migratory waterfowl groups [2] . Although many DEV genes have been published in molecular biology studies [3] [4] [5] , research on DEV still lags behind other members of the family Herpesviridae due to limited genomic information. In particular, the underlying mechanisms guiding interactions between the virus and host are poorly understood.
Autophagy is a traditional mechanism that degrades protein and waste in cells. It is the cell process for maintaining steady states [6] . Viral infection causes disorder of the intracellular environment, so once a virus invades, cells launch an autophagy reaction against the infection. Viruses have evolved multiple strategies to resist, escape or even utilize autophagy to promote proliferation. According to current research, progress on virus and cell autophagy interactions can be roughly divided into four categories: (1) Autophagy inhibition of viral proliferation. The most typical example is vesicular stomatitis virus. Although vesicular stomatitis virus induces cell autophagy, expression of autophagy-specific genes ATG5 and ATG1 inhibited by short hairpin RNA significantly increases the output of progeny virus [7] . (2) Viral inhibition of formation of autophagosomes. Herpes simplex virus type I (HSV-1) encodes ICP34.5 protein, which dephosphorylates elF2a or combines with Beclin-1 to inhibit cell autophagy to promote virus replication [8, 9] . Research confirms that human cytomegalovirus infection induces expression of rapamycin target protein, inhibiting cell autophagy [10] . (3) Viral infection inhibits autophagy-lysosome formation. Autophagy is induced by coxsackievirus B3 infection, but p62/ SQSTM1(p62) is not degraded. Inhibition by 3-methyladenine or interference with autophagy-related genes such as ATG 7and Beclin-1 confirms that coxsackievirus B3 inhibits fusion of autophagosomes and lysosomes [11] . Influenza A virus induces formation of autophagosomes and reduces formation of autophagy lysosomes. A study confirms that the process is mainly mediated by M2 protein [12] . (4) Viruses use autophagy to promote proliferation. Although autophagy is a defensive mechanism of host cells, some viruses such as dengue virus, hepatitis B virus and footand-mouth-disease virus use this mechanism to promote proliferation. Of note, the alphaherpesvirus VZV induces autophagic flux [13, 14] , and autophagy facilitates virus spread and glycoprotein production [15] .
In this study, we confirmed that autophagy is triggered in duck embryo fibroblast (DEF) cells upon infection by DEV. Using drugs and RNA interference, we showed that autophagy promotes proliferation of the virus. This research laid a foundation for DEV pathogenic mechanism research and provided drug targets for the prevention and control of DEV infection in the waterfowl industry.
RESULTS

Autophagy is triggered by DEV infection in DEF cells
The DEV CSC strain is a Chinese standard DEV strain, selected to determine if DEV caused DEF cell autophagy.
Microtubule-associated protein light chain (LC3) is an autophagy marker protein on the membranes of autophagosomes. When autophagosomes form, LC3-I is phosphorylated by phosphatidylethanolamine to LC3-II. LC3-II remains on autophagosome membranes until fusion with lysosomes. Therefore, to some extent, LC3-II expression measures the number of autophagosomes. We used LC3 antibody to detect the extent of LC3-I transformation in the process of DEV infection using Western blots to choose an optimal dose of virus. We subsequently detected autophagosomes upon infection by DEV at indicated times ( Fig. 1a-d) . The result showed that autophagy was dependent on the initial viral dose with a DEV m.o.i. of 0.1-10 at 48 h post-infection (p.i.). An m.o.i. of 1 was used for viral infection in subsequent experiments. Expression of LC3-II increased compared to uninfected mock cells at 36, 48, 60 and 72 h p.i. Specific viral proteins with glycoprotein B (gB) antibody indicated the process of viral infection.
We used transmission electron microscopy (TEM) to observe the formation of autophagosomes at 36 h p.i. with DEV, with mock cells as controls. In DEV-infected DEF cells, several autophagic vesicles were observed. In contrast, autophagosome-like double membranes or single membranes were rarely seen in mock cells (Fig. 1e) . The assays indicated that DEV triggered the accumulation of autophagosomes in DEF cells.
To detect autophagosomes and confirm other observations, DEF cells were transfected with a GFP-LC3 plasmid that fusion expressed green fluorescent and LC3 proteins for 24 h, and then infected with DEV for 36 h. In infected cells, GFP-LC3 proteins accumulated as green foci. In uninfected cells, GFP-LC3 had a diffuse distribution (Fig. 1f) . The amount of punctated GFP-LC3 in each cell was counted (about 50 cells were included for each group). DEV-infected cells showed an increased punctuate staining by GFP-LC3 (Fig. 1g) .
DEV infection induced autophagic flux
To explore if inducing autophagy or blocking combination of autophagosomes with lysosomes caused autophagosome accumulation, we performed autophagic flux assays.
Autophagy flux is a dynamic, continuous process covering the formation of autophagosomes, transport of autophagy substrates to lysosomes and substrate degradation in lysosomes in vivo. p62 is an autophagy degradation substrate and p62 degradation is a marker of autophagy flux. p62 expression was measured by Western blots. Degradation of p62 at 36, 48 and 60 h p.i. was seen in DEF cells; almost no change was seen in uninfected cells. A band of p62/b-actin indicated that p62 was reduced (Fig. 2a, b) .
Inhibition of autophagy causing turnover of LC3-II and p62 expression indicated autophagic flux. Changes in the expression of LC3 and p62 by Western blot were evaluated using chloroquine (CQ) to inhibit autophagy by inhibiting lysosomal activity at a late stage. Expression of LC3 and p62 was increased in CQ-treated infected cells compared to infected cells not treated with CQ (Fig. 2c, d ).
In theory, GFP can reflect the process of autophagy with presentation to lysosomes, if the GFP fluorescence signal is tracked, because the low pH environment in lysosomes can quench the GFP fluorescence signal. In contrast, red fluorescent protein (RFP) has a higher tolerance for acidic conditions. When autophagy was induced, we saw red autophagy lysosomes or yellow autophagosomes. DEF cells were transfected with a GFP-RFP-LC3 plasmid with a double reporter that expressed green fluorescence and red fluorescence for 24 h and treated with CQ or infected with DEV. In CQ-treated infected cells, GFP and RFP fluorescence overlapped into yellow fluorescence dots observed by a confocal laser observation Leica SP2 confocal system. Few LC3 puncta were seen in mock cells (Fig. 2e) . These results indicated that DEV induced a complete autophagic process in DEF cells. replication-competent DEV showed a larger ratio of LC3-II/ LC3-I, indicating apparent conversion of LC3-I to LC3-II (Fig. 3a, b) . The results suggest that DEV replication is required for formation of autophagosomes.
Autophagy is dependent on DEV replication
Inhibition of autophagy reduced DEV replication
Given that autophagy is induced by replication-competent DEV infection, we tested if autophagy was important for regulating DEV replication. LY294002 or wortmannin inhibits the phosphatidylinositol 3-kinase pathway and is an autophagy inhibitor at an early stage. DEF cells were treated with LY294002 or wortmannin for 2-4 h and infected with DEV at 48 h p.i. Conversion of LC3-I to LC3-II decreased with the two compounds, suggesting that autophagy was inhibited. The expression of gB protein decreased (Fig. 4a,  b) . Progeny viruses collected from LY294002-treated or wortmannin-treated cells at indicated time points were lower than from mock cells. TCID 50 was used to measure viral titres (Fig. 4c, d ).
To exclude the possibility that pharmacological components had nonspecific effects on experiments, small RNA was synthesized to interfere with expression of Beclin-1 and ATG5, two important regulatory genes during autophagosome formation and maturation. Endogenous Beclin-1 and Atg5 protein were not detected by Western blot, reducing the extent of LC3-I conversion to LC3-II in DEV-infected cells transfected with small interfering RNA (siRNA). The expression of gB protein decreased (Fig. 5a, b) . Titres of progeny viruses collected from siRNA-transfected cells were lower than from mock cells at 48 h p.i. TCID 50 was used to measure viral titres (Fig. 5c, d ).
Induction of autophagy promotes DEV replication
To further explore the relationship between autophagy and DEV replication, DEF cells were treated with rapamycin to inhibit the activity of mTOR and promote cell autophagy. An increased ratio of LC3-II/LC3-I was seen for rapamycintreated DEV-infected cells compared to untreated cells. The expression of gB protein increased (Fig. 6a ), indicating that autophagy was promoted by rapamycin in virus-infected cells. Titres of progeny viruses collected from rapamycintreated cells at 48 h p.i. were higher than mock cells. TCID 50 was used to measure viral titres (Fig. 6b ).
Cell viability unaffected by pharmacological treatment The siRNA targeting of endogenous genes or the drugs might have influenced cell viability and affected our results. The effects on cell viability of compounds used in this study were detected by WST-1 assays. Viability of treated cells was almost equal to mock cells, so the siRNA or pharmacological treatments did not affect DEF cell viability (Fig. 7) .
DISCUSSION
DEV causes serious waterfowl diseases and constitutes a major threat to the poultry industry and economic development. Research on DEV mainly focuses on the molecular structure, epidemiology and diagnostic methods. The interaction between DEV infection and host cell response has not been well studied. Autophagy produces a membrane to separate and phagocytose cytoplasmic contents, forming closed double-membrane vesicles, or autophagosomes, that transport lysosome contents in the degradation process. Autophagy is an important part of the host response to infection and a regulating factor in pathogen detection and removal, so autophagy is indispensable for surveillance and acts as an effector [16] . The relationship between viruses and autophagy has been discussed in recent years. However, the relationship between DEV infection and DEF cell autophagy has not been investigated [17] [18] [19] . In this study, we investigated the interaction between the DEF cellular autophagy pathway and DEV infection, and found that DEF infection induced autophagy and autophagy promoted DEV replication.
We observed that DEV infection triggered an increase in autophagosome-like double-membrane vesicles, accumulation of GFP-LC3 puncta and conversion of LC3-I to LC3-II in natural host cells. These results suggested that autophagosomes were formed. These observations of natural target cells provided a valuable reference for studying the interactions between DEV infection and DEF cell responses. In addition, we found that DEV replication was required for induction of autophagic activity.
Autophagic flux is a dynamic and continuous process and a more accurate indicator of autophagy activity than autophagosome formation [20] . The autophagic response to different viruses is not always consistent. Some viruses, such as hepatitis C virus and porcine reproductive and respiratory syndrome virus, induce incomplete autophagy in some cells [21, 22] . Our results showed that DEV infection decreased expression of p62. CQ, an autophagy late-stage inhibitor, increased levels of LC3-II and p62 as yellow dots showing numbers of GFP-RFP-LC3 in virus-infected cells. This result demonstrated that complete autophagic flux was triggered upon DEV infection.
Many studies suggest that some viruses use or manipulate autophagy to facilitate their survival and replication [23, 24] . Examples are hepatitis C virus [25] , avian reovirus [26] and influenza A virus [27] . In our study, the production of infectious virions was promoted in autophagy-induced rapamycin-treated DEF cells. These results definitively indicated that autophagy is important and benefits DEV replication.
In fact, some members of herpesvirus, HSV-1, human cytomegalovirus, Kaposi sarcoma-associated herpesvirus and murine gammaherpesvirus 68 block completion of the autophagic pathway [9, 10, 28, 29] , while Epstein-Barr virus latent membrane protein 1 induces autophagy in Epstein-Barrvirus-infected cells [30] . Our findings confirm similar published data on autophagy following VZV infection. Takahashi et al. demonstrated that autophagy occurs during both primary VZV infection and VZV reactivation within skin vesicles [13] . Carpenter et al. suggested that autophagy is a common event in VZV-infected cells and is provoked at least in part by Endoplasmic reticulum stress secondary to overly abundant VZV glycoprotein biosynthesis, leading to UPR activation to maintain cellular homeostasis [14] . Buckingham and coworkers showed that VZV infection of MRC-5 human fibroblasts and MeWo melanoma cells induces autophagic flux not block. This result shows a proviral effect of autophagy on VZV infectivity and spread [15, 31] . In subsequent viral studies, they showed that inhibition of autophagy with either 3-methyladenine or siRNA against Atg5 reduces both VZV glycoprotein biosynthesis and infectivity [32] . Induction of autophagy also increases VZV cell spread and VZV glycoprotein production. This effect is described in the severe combined immunodeficient mouse model of VZV infection article by Buckingham and coworkers [31] . These authors reasoned that VZV-infected cells show disruption of these innate antiviral mechanisms in an ORF61-dependent manner. In addition, VZV infection induces STAT3 activation, leading to survivin expression that is necessary for viral replication. Inhibiting this pathway severely impairs VZV replication in skin [15, 33] . Both VZV and DEV are different from HSV-1, which inhibits autophagy. Two of the HSV genes missing from the VZV and DEV genome that modify autophagy, namely HSV ICP34.5 and US11, block it by interacting with autophagy regulator genes. However, our understanding of the molecular mechanisms driving the interplay between DEV and autophagy is still insufficient, as several aspects of DEV-induced autophagy remain unclear and need to be further explored.
Autophagy demonstrates different properties in DEV from many other members of the alphaherpesvirus. studies with HSV-1 and HSV-2 infections [34, 35] show that a basal level of autophagy is needed for efficient productive infection. Going above or below the basal level using pharmacological agents influences HSV infection. In our study, formation of autophagosomes was inhibited pharmacologically by drugs that consequently inhibited DEV replication. This finding was confirmed by siRNA knockdown of two highly conserved endogenous genes, Beclin-1 and ATG5, which are required for autophagy. In short, a basal level of autophagy was also required for DEV replication.
In our study, induction of autophagy was dependent on the initial viral dose, which was infection within DEV of 0.1-10 m.o.i. Although the HSV-1 neurovirulence gene ICP34.5 is suggested to suppress autophagy levels in the host, HSV-1 infection also induces autophagy at high m.o.i. [36, 37] . To determine the relationship between DEV and autophagy, we chose an m.o.i. of 1 as the optimal dose for experiments.
The difficulty of experiments is that host target cells of DEV are DEF cells, a primary culture cell removed from duck embryos from 9-to 11-day eggs. These cells are easily contaminated and repeatability of experiments is low, laborious and time consuming. However, compared with cell strains, primary culture cells are more suited for simulating animal physiological environments and maintaining original structure and functional properties of tissue cells.
In conclusion, our findings suggested that complete autophagic flux was triggered by DEV infection and was beneficial for viral replication, implying that autophagy was used to promote DEV replication. Our studies provided novel insights into DEV-host interactions and opened a new window for examining DEV pathogenesis. This knowledge will contribute to the development of antiviral strategies or drugs against DEV infection.
METHODS
Cells, virus and plasmids DEF cells were obtained from 9-to 11-day-old specific pathogen-free duck embryos as in a prior protocol [38] and cultured in Dulbecco's modified Eagle's medium (Gibco) supplemented with 5 % FBS (Gibco) and antibiotics (0.1 mg ml À1 streptomycin and 0.1 mg ml À1 penicillin) at 37 C in 5 % CO 2 . The DEV CSC strain was from the China Institute of Veterinary Drug Control. Mouse monoclonal antibody against glycoprotein B (gB) was kept in our laboratory. To obtain a replication-incompetent DEV strain, DEV was inactivated at 56 C for 40 min and gently shaken with a rotary shaker at intervals.
To construct a GFP-LC3 recombination plasmid, the duck LC3B gene was amplified from DEF cells with primers LC3F 5¢-ATGCAACCGCCTCTG-3¢ and LC3R 5¢-TCGCGTTG GAAGGCAAATC-3¢ according to the GenBank sequence for duck LC3B (NW_004676873.1) and cloned into pEGFP-C1 plasmid, which was prepared in our laboratory to express LC3B with the GFP protein at its N terminus.
To construct a GFP-RFP-LC3 recombination plasmid, a p-GFP-RFP plasmid was prepared in our laboratory. Duck LC3B was cloned into the plasmid at BamHI and XhoI sites.
Virus infection and drug treatment DEV was removed after infection for 2 h at 37 C and DEF cells were washed three times with sterile PBS (pH 7.4). Cells were maintained in 2 % FBS culture medium for indicated times when samples were harvested. For autophagy inhibition and induction assays, cells were treated with LY294002, wortmannin or rapamycin for 2-4 h, and CQ (Sigma) for 24 h before DEV infection of cells. Infected DEV cells, prepared according to the above methods, were treated with DMSO or double-distilled H 2 O as controls. Drugs and siRNA toxicity tests were conducted as the WST-1 cell proliferation and cytotoxicity kit instructions (Beyotime). At indicated times, DEF cells were collected. The optimum concentration of drugs was 33 µM for LY294002, 3 µM for wortmannin and 200 nM for rapamycin.
SDS-PAGE and Western blots
Drug-treated and virus-infected cell protein in six-well culture plates was extracted using Radio Immunoprecipitation Assay lysis buffer (Beyotime) with protease inhibitor PMSF (Beyotime). Protein samples in 5Â loading buffer were boiled for 10 min and analysed by 12 % SDS-PAGE and transferred onto nitrocellulose membranes (Millipore) according to the manufacturer's instructions. Membranes were blocked with 1 % BSA (Sigma) for 2 h at room temperature and incubated with primary antibody for 2 h at room temperature with rabbit anti-LC3B (Sigma), rabbit antip62/SQSTM1 (Sigma), mouse anti-b-actin (Sigma), rabbit anti-bBeclin-1 (Sigma) or mouse anti-ATG5 (Sigma). Membranes were treated with IRDye 800 CW goat anti-mouse IgG (LI-COR Biosciences) or goat anti-rabbit IgG (926-32211) as secondary antibodies for 1 h at room temperature. For detection, an Odyssey Infrared Fluorescence Scanning Imaging System (LI-COR Biosciences) was used.
Transmission electron microscopy Transmission electron microscopy (TEM) of the autophagy method was conducted as per existing methods [28] ; DEF cells in 25 cm 2 flasks were collected at 36 h post-DEV infection with mock infected cells as controls. Ultrathin section images were viewed on an H-7650 transmission electron Confocal fluorescence microscopy For detection of autophagosomes, DEF cells were transfected with 2.5 µg GFP-LC3 or GFP-RFP-LC3 plasmid using Calcium Phosphate Transfection kits (Invitrogen). When cells were 70-80 % confluent in 20 mm-diameter culture dishes, at 24 h post-transfection, virus-infected or CQtreated DEF cells at 36 h were fixed by absolute ethanol for 30 min, and cell nuclei were stained by DAPI (Beyotime). Green fluorescence dots of GFP-LC3 or yellow fluorescence dots of GFP-RFP-LC3 were observed by confocal laser with a Leica SP2 confocal system (Leica Microsystems).
RNA interference of Beclin-1 and Atg5
To study the effects of cell autophagy on viral replication, small interference RNA (siRNA) targeting autophagy-related genes Beclin-1 and ATG5 were synthesized (Shanghai GenePharma). The sequence of siRNA target Beclin-1 was GC UCAGUACCAGAAGGAAUTT (sense) and AUUCCUUC UGGUACUGAGCTT (antisense). The sequence of siRNA target ATG5 was GGAUGUGAUUGAAGCUCAUTT (sense) and AUGAGCUUCAAUCAAUCACAUCCTT (antisense). Six-well plates were transfected with siRNAs and negative control RNA (siNC) using transfection reagents for 24 h and then infected with DEV. Cell samples were collected at 48 h p.i. to detect silencing effects and viral titre. Representative data from three separate experiments are shown as means±SD of three separate experiments, **P<0.01, NS indicates no significant difference. The P-value was calculated using Student's t-test. 
TCID 50
Cell monolayers were infected with DEV serially diluted from 10 À1 to 10 À8 in 96-well plates. Virus was removed after infection for 2 h at 37 C and cells were washed three times with sterile PBS. DEF cells were maintained in 2 % FBS culture medium at 37 C for 72 h; cell pathological changes were observed and recorded. Viral titres were determined according to the Reed-Muench method [39] .
Statistical analysis
All experimental results are expressed as mean±SD. All data were analysed in three independent experiments. Tukey's test was used for statistical analysis. Differences between two group means are presented as *P<0.05 and **P<0.01. Mock LY2 Wort CQ Rapa siNC siR1 siR2 Fig. 7 . siRNA or pharmacology had no effect on cell viability. After cells were treated with LY294002 (LY2), wortmannin (Wort), rapamycin (Rapa), CQ and siRNA transfection for 48 h, cell viability was tested using WST kits as absorbence at 450 nm expressed as relative cell viability (ratio of treated to blank cells). Error bars represent mean ±SD; NS indicates no significant difference, P>0.05.
